Tris o-benzosemiquinone complexes of iron and chromium are reported. These complexes contain three 3,5-di-£-butyl-o-semiquinato ligands and a tri valent metal ion. The iron complex can be obtained from either the more highly oxidized o-quinone or reduced catechol dianion precursor. The coordinated o-semiquinone ligand is surprisingly stable. A simple infrared criterion is suggested for detecting the presence of a coordinated o-semiquinone.
Introduction
The transition metal complexes of pyrocatechol and related ligand systems have been known for many years, notably with the pioneering work of Weinland and coworkers [1] . More recently it has become apparent that the one-electron oxidized o-benzosemiquinone form of this ligand system is also capable of forming well defined transition metal compounds. Balch has reported o-semiquinone complexes of tetrachloro-or tetrabromo-o-semiquinone with Ir, Pt, Pd, Ru, and Rh [2] . Brown et al., have reported well defined 3,5-di-£-butyl-o-semiquinato complexes of cobalt(III) which were isolable as solids and characterized by a variety of spectral techniques [3] . Floriani et al., have prepared complexes from 9,10-phenanthrene quinone which appear to contain the 9,10-phenanthrenesemiquinone anion ligand [4] , In a recent communication, Pierpont, Hendrickson et al., demonstrated that for several neutral tris chelates prepared from a metal carbonyl (V, Cr, Fe) and an o-quinone (tetrachloroquinone, 9,10-phenanthrene quinone) the resulting species are correctly formulated as neutral tris o-semiquinone complexes, [M(o-semiquinone)3] [5] . Their formulation was based on magnetic properties and X-ray structural work.
In this communication we wish to report two additional tris o-semiquinone complexes and suggest a simple criterion for distinguishing the presence of the o-semiquinone form of the ligand from the alternative o-quinone or catecholato forms. Based on a comparison of the infrared spectra of these complexes with previously reported catecholato and o-semiquinato complexes, we conclude that the * Reprint requests to Prof. D. Brown. 0340-5087/79/0500-0712/$ 01.00/0 characteristics of the infrared spectra of the coordinated species can be used to formulate the correct oxidation state of the o-dihydroxyaromatic ligand system.
Experimental
Apparatus. Electronic spectra were recorded with a Beckman Acta M VII spectrometer. Infrared spectra were recorded with a Perkin-Elmer 621 or Perkin-Elmer 457 spectrometer. Molecular weights were measured using a Hitachi-Perkin-Elmer Model 115 osmometer. Magnetic moments were determined using the Evans method [6] . Conductance was measured with an Industrial Instruments Model RC 16 B 2 conductivity bridge at 2000 Hz. Carbon and Hydrogen analyses were performed at the University of Idaho.
3,5-di-t-butyl-o-benzoquinone
To a solution of 3,5-di4-butylcatechol (2.22 g, 0.01 mol) in 200 ml benzene in a 1 1 separatory funnel was added an aqueous solution of 200 ml eerie ammonium nitrate (10.96 g, 0.02 mol) . Upon shaking the mixture the benzene layer became dark green. This layer was separated and washed with 200 ml portions of water until the wash water was colorless. The benzene layer was taken to dryness by rotary evaporation to yield a dark red solid. This solid was recrystallized from n-heptane to yield dark red needles. Yield, 0.70 g, 32%; m.p. 114-115 °C.
Tris ( 3,5-di-t-b utyl -o -sem 
iqu inato )iron(III)
Method I: To a stirred solution of 3,5-di-^-butylcatechol (2.22 g, 0.01 mol) dissolved in 15 ml of deoxvgenated 95% ethanol under a N2 atmosphere was added KOH (1.12 g, 0.02 mol). As the KOH dissolved, the solution remained colorless. A solution of FeCb • 4 H20 (1.98 g, 0.01 mol) in 100 ml deoxygenated 95% ethanol was added dropwise, after which the N2 atmosphere was no longer maintained. As the reaction proceeded, the color of the reaction mixture changed from colorless to brown and then to dark blue. At the completion of the reaction, the mixture was evaporated to dryness by rotary evaporation, redissolved in 300 ml of benzene, and extracted with an equal volume of 50% aqueous ethanol. The benzene layer was concentrated by rotary evaporation at room temperature until a green powder precipitated. The dark powder was collected by filtration, washed with 10 ml ethanol, and dried under vacuum at 100 °C. 
Tris( 3,5-di-t-butyl-o-semiquinone )chromium (III)
To a solution of 3,5-di-£-butyl-o-quinone (1.00 g, 0.0045 mol) in 100 ml benzene was added solid hexacarbonylchromium (0.33 g, 0.0015 mol). After 36 h reflux, the reaction mixture turned red. The solvent was evaporated to dryness by rotary evaporation and the resulting solid was recrystallized from 50/50 ethanol-benzene to yield an intensely red brown solid. The solid was washed twice with ethanol and was dried under vacuum at room temperature.
Analysis for CrC^HeoOe • 3 Calcd C 76.11 H 8.24, Found C 76.78 H 8.50 . A = 0 (CH2CI2, 25 °C); fieit -0 BM (CH2C12, 25 °C).
Results and Discussion
Tris(3,5-di-£-butyl-o-semiquinato)iron(III), abbreviated subsequently as Fe(DBSQ)3, can be prepared from either the more highly oxidized o-quinone or the reduced catechol dianion precursors. The preparation from iron pentacarbonyl gives a product with one benzene of crystallization which is not uncommon for complexes of this type [7] . This preparation is analogous to Floriani's preparation of binary transition metal complexes with 9,10-phenanthrenequinone [4 b] . The preparation from the catechol dianion in aqueous ethanol is new and somewhat unusual. The product in each case is clearly monomeric and non-conducting in solution. This tris o-semiquinone complex is surprisingly stable. It decomposed upon prolonged exposure to oxygenated solvents such as benzene, methylene chloride, and thenaol, but is stable indefinitely in w-pentane. The solution magnetic moment of this complex at room temperature is 3.8 BM, an unusual value, but similar to the room temperature data of Pierpont and Hendrickson [5, 8] . A tris o-quinone adduct of iron(O) would probably be expected to exhibit a rather lower magnetic moment in the region of 2.8 BM consistent with the spin only value for 2 unpaired electrons.
Tris(3,5-di-^-butyl-o-semiquinato)chromium(III),
Cr(DBSQ)3, is prepared from the o-quinone and hexacarbonylchromium, a method similar to that employed for analogous complexes of other 0-quinones [5] , This compound is stable in w-pentane but exposure to air causes slow decomposition. Removal of traces of free quinone from the compound is very difficult. The compound is diamagnetic in solution at room temperature.
The electronic spectra for the complexes are summarized in Table I . It is clear that none of the observed bands can be due to d-d transitions because the intensities are too large. The electronic transitions can be due to intra-ligand as well as ligand-^metal charge transfer transitions. Both the o-semiquinone and the o-quinone form of the ligand exhibit intense absorption bands in the visible region and therefore intra-ligand transitions would also be expected in the visible spectrum of the complexes. Ligand-> metal charge transfer transitions are also well known for this type of ligand system. For example K3Fe(CeH402)3 exhibits a strong visible absorption centered at 560 nm (£ = 3940 L mol -1 cm -1 ) due to a L->M charge transfer transition [9] . The infrared spectrum for Fe(DBSQ)3 is shown in Fig. 1 for the region 1800-600 cm" 1 . Table II   1800 1600 1400 1200 1000 WAVENUMBER (cm" 1 ) 800 600 Fig. 1 . Infrared spectrum of Fe(DBSQ)3- Table II . Infrared spectral data for free ligand and complexes as films on a KBr plate. summarizes the infrared bands for both complexes. The infrared spectra of both complexes are dominated by a very intense broad absorption in the region 1420-1470 cm -1 . We believe this, coupled with the absence of a strong band in the 1250 cm -1 region (vida infra) is evidence for the presence of o-semiquinone coordination. Therefore, to provide a background for the infrared features observed in these complexes, mention must be made of the infrared characteristics of metal catecholato and metal o-quinone complexes.
A common feature of metal-catecholato complexes in the presence of two strong infrared bands at approximately 1250 cm -1 and 1480 cm -1 [9] [10] [11] . Both of these bands gain substantial intensity when the catechol is coordinated and are observed for a variety of catecholato derivatives coordinated to several metal centers. The 1250 cm -1 band is clearly the mode normally assigned as the C-0 stretching vibration, while the 1480 cm -1 band is a ring stretching mode [12] , These two modes are undoubtedly coupled which is consistent with a mutual gain in intensity upon complexation. The dominant feature of the o-quinone oxidation state of the ligand is a strong band at 1650-1700 cm -1 due to the C=0 stretching mode. For 3,5-di-^-butyl-oquinone this band appears at 1655 cm -1 as an evaporated film on KBr. Cowley and Haendler have reported a number of quinone complexes of transition metals and have observed the C=0 stretching frequencies to lie at from 10-65 cm -1 to lower frequency from that for the free quinone [13] . The complexes reported here show neither the characteristic C=O nor the C-0 vibration but rather a strong vibration at an intermediate energy (1455 cm -1 for Fe(DBSQ)3 and 1430 cm -1 for Cr(DBSQ)3) as expected for a C_0 mode present in the intermediate o-semiquonone oxidation state. In a previously reported o-semiquinone complex of cobalt(III), this vibration occurred at 1440 cm -1 . The strong broad band around 1450 cm -1 as observed in the complexes reported here is therefore characteristic of o-semiquinone coordination. It is undoubtedly not a pure C_0 stretch but rather a strongly coupled mode involving both C_0 stretching and a ring vibration mode. It appears to us that the presence of this intense, broad absorption in the region around 1450 cm -1 coupled with the absence of the intense and characteristic C=0 and C-0 vibrations is, in general, strong evidence for the presence of a coordinated o-semiquinone.
Both of the tris complexes reported here are therefore tris o-semiquinato complexes. Several osemiquinone coordination compounds have now been reported in the literature. Some of these are very stable species, especially when compared to the relatively unstable free o-semiquinones. Therefore, one must always consider the possibility of the presence of this ligand oxidation state when dealing with an o-dihydroxyaromatic ligand system. In particular, caution must be exercised in referring to "quinone adducts" of low valent metals unless there is good evidence that the quinone has indeed retained its oxidized form. Using the simple infrared criterion described above, it should be possible to readily distinguish the three possible oxidation states for a coordinated o-dihydroxyaromatic type ligand.
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